IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received May 5, 2020, accepted June 1, 2020, date of publication June 5, 2020, date of current version June 18, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3000294

Helicopter Control During Landing
on a Moving Confined Platform

SEBASTIAN TOPCZEWSKI ™, JANUSZ NARKIEWICZ, AND PRZEMYSLAW BIBIK

Division of Automation and Aeronautical Systems, Faculty of Power and Aeronautical Engineering, Warsaw University of Technology, 00-665 Warsaw, Poland

Corresponding author: Sebastian Topczewski (stopczewski @meil.pw.edu.pl)

ABSTRACT The paper presents a control algorithm for a helicopter automatic approach and landing on a
moving confined platform. It discusses landing on a sea vessel deck as a representative case for a mobile
confined area. The dynamic model of a single rotor helicopter with a control system, developed in the
FLIGHTLAB environment, and validated against flight tests data, is used to investigate control efficiency.
The developed control method is based on the Linear Quadratic Regulator combined with prediction of
motion of the landing area. An important part of the research was analysis of availability of the data
needed for controlling the rotorcraft. The simulations of approach and landing on a moving vessel in various
environmental conditions confirmed the efficiency of the developed control methodology.

INDEX TERMS Helicopter automatic control, confined area landing, helicopter motion modeling, vessel

motion prediction.

I. INTRODUCTION

Helicopters perform a variety of missions, very often operat-
ing in degraded environmental and visual conditions, which
may affect flight safety. During many operations the heli-
copter approaches and lands on a confined area which may be
solid (helipads on the ground or at tops of buildings, offshore
platforms) and moving platforms (decks of vessels but also
platforms on ground vehicles). In this research, an approach
and landing on a sea vessel deck is studied as a representative
mission, which contains all detrimental factors influencing
helicopter performance and safety.

Landing on a confined, moving vessel deck area in adverse
environmental conditions is a very complicated and demand-
ing task for a pilot, as helicopter flight and handling qualities
are influenced by several detrimental factors, such as:

« environmental conditions: variation of velocity and
direction of wind, air gusts and turbulence, degraded
visibility during day and operations at night,

o landing deck size and motion (translations and
rotations),

« limitations from the helicopter flight envelope and heli-
copter handling and flying qualities.

These factors make helicopter landing on a vessel deck a chal-
lenging task for a pilot, who may be supported by technology.
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Typically, flight and/or operation manuals include specific
procedures, which provide guidance for safe operation in var-
ious conditions. However, development of automatic control
systems (hardware and software including efficient control
algorithms) which use data from modern, advanced sensors
opens several opportunities to support the helicopter pilot
during a mission.

Development of a helicopter automatic control system
performing landing on a moving, confined platform must
take into account several factors, such as dynamics of the
helicopter itself and its control system, available data from
sensors, control strategy, environmental conditions and vessel
motion. An overview of literature reflecting solutions for
these challenges is presented below.

Reference [1] describes a system for automatic landing of a
Vertical Take Off and Landing (VTOL) type unmanned aerial
vehicle on a moving ship deck using a camera and Inertial
Navigation System (INS) data to determine the relative vessel
helicopter position and to generate approach and landing
trajectories.

In [2] a control algorithm augments the Stability Augmen-
tation System (SAS) by adding more robustness for wind
and gusts, which occur due to flow over vessel superstruc-
tures. The system is integrated with other helicopter control
systems.

In [3] navigation and control of a helicopter in approach
to landing is presented, focused on application of visual
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navigation assuming lack of the Global Positioning Sys-
tem (GPS) signal, but also taking into account poor visibility
conditions. A three-phase trajectory planner is developed,
which uses models of a helicopter and vessel dynamics.

Reference [4] presents a concept of a helicopter con-
trol system for approaching a vessel. The authors take into
account influences of the airwake on helicopter flight.

In [5] a system for autonomous landing is developed and
implemented on a small unmanned helicopter. The auto-
matic control system is composed of navigation and control
modules (tracking and landing modes) and is adjusted for
operation on a moving confined platform. Prediction of ship
motion is implemented to establish the best landing moment.

Reference [6] presents the Model Predictive Con-
trol (MPC) of the helicopter-vessel operations in degraded
weather conditions, using nonlinear helicopter and vessel
dynamic models, and predicting vessel motion to optimize
the landing phase. It investigates various airwake models
acting on helicopter flight. The MPC control system design
is evaluated for automatic landing of a helicopter on a vessel
in sea state 5 and reposition of the helicopter during different
wind conditions.

Robust MPC methodology developed for highly
constrained helicopter flights including discontinuous flight
trajectories is also shown in [7].

In [8] a navigation and control system is described for ship-
board operations of an unmanned VTOL aircraft. The system
has a modular structure with the function of estimating the
deck motion.

Reference [9] presents a control algorithm for landing
of the autonomous AVATAR helicopter. The system uses a
GPS receiver for navigation and a vision camera for tracking
the landing deck.

Reference [10] compares three automatic control tech-
niques (Linear Quadratic Integral (LQI), Model Predictive
Control (MPC) and Loop-Shaping Design (LSD)) for vessel-
helicopter operations, applied to nonlinear helicopter and
vessel dynamic models.

Reference [11] presents a CTM — Compensatory Tracking
Model algorithm used for flight along a specified trajectory.
An algorithm is implemented in the FLIGHTLAB environ-
ment and it is used to study actions necessary for helicopter
take-off and landing on a moving vessel when there are
airwake and turbulence.

In [12] an optical flow method is used for automatic control
of a helicopter during landing on a vessel. The optical flow
parameter for helicopter guidance is similar to a pilot typi-
cal control strategy. The computation results were evaluated
using the Bell 412HP dynamic model implemented in the
FLIGTHLAB environment.

In [13] a planner for helicopter landing on a stationary con-
fined area is developed taking into account approach proce-
dures, helicopter dynamic limitations, presence of obstacles
and restrictions of airspace areas.

Reference [14] presents a precision landing method via tra-
jectory planning taking into account landing area obstacles.
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The authors focused on various aspects of confined landings
like approach and landing strategy, and landing site selection.
In this concept for trajectory and landing point selection,
system data from helicopter INS, GPS and LIDAR sensors
are used for navigation.

Reference [15] develops an optimal controller and tra-
jectory planner (based on Variational Hamiltonian and
Euler-Lagrange equations) designed for tracking and landing
on a moving platform. The reduced helicopter kinematic
model is used to derive an optimal controller.

Reference [16] presents a vision-based landing system for
helicopter-ship operations. The states of the ship motion are
estimated using Kalman filtering. The landing is decomposed
into three phases. In the first phase a ship is searched and
detected by a visual system using fuzzy logic algorithms.
Next the ship is tracked by the helicopter on-board system.
The tracking is formulated as Bayesian estimation and solved
using a Kalman filter. Finally, automatic landing is performed
using a PI controller.

Helicopter landing guidance using Model Predictive Path
Integral (MPPI) is presented in [17] as a further development
of research presented in [18]. It is a stochastic optimum con-
trol method which was used to calculate control inputs using
the model of vehicle dynamics. In the paper a six DOF linear
model of the helicopter is used to predict its motion while
landing and a nonlinear model is used as a representation
of an actual helicopter state. A ship deck motion model is a
representative of a selected type of vessel based on statistical
data. The authors present several test cases in which they have
evaluated performance of MPPI method and utility of using
linear models for prediction in the case of a helicopter landing
on a vessel deck.

The confined area landing is also considered for prospec-
tive Personal Aerial Vehicles (PAV) operations [19]-[21].
In [22] the authors assumed that PAV is positioned in a hover
directly over a confined landing area and by vertical descent
achieves the target landing point.

As a summary of this literature review (far from being
complete or comprehensive), it may be stated that various
methods and models are used for solving the problem of safe
and efficient landing on a moving platform. The majority of
research is done by simulations, placing emphasis of selected
aspects of the mission (trajectory planning, navigation, con-
trol, predicting deck motion).

The research presented in this paper responds to a prac-
tical need of a holistic approach to complete control system
development, used for automatic approach and landing on a
moving vessel deck, which takes into account available sen-
sor data, requirements for trajectory planning also according
to the published procedures and simplicity of computation to
be applicable in real time.

The novelty of our approach is development of the inte-
grated control system composed of an automatic control and a
prediction algorithm which may be used for an approach and
landing of a helicopter on a moving confined area in various
environmental conditions, reducing the risk in comparison to
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FIGURE 1. Leonardo PZL SW-4 helicopter.

manned, non-automatic operations. The system can be also
used in research, to define which navigation data is necessary
to successfully perform this task and to compare procedures
of landing operations in various environmental conditions to
define approach and landing times.

In the following text the helicopter model will be described
and necessary sensor data availability will be discussed fol-
lowed up by a description of control methodology and algo-
rithm for prediction of vessel deck motion. The efficiency
of software will be validated, in terms of applicability in a
simulator as the next step of the project.

Il. HELICOPTER MODEL

The helicopter simulation model was developed in the
FLIGHTLAB software environment, which is well estab-
lish standard in industry, research and academia. The var-
ious aspects of rotorcraft modelling are developed there,
taking into account the variety of models of dynamics,
aerodynamics, structures and control systems [23]. Despite
the convenience of modelling, the efficient FLIGHTLAB
application requires expertise in rotorcraft aeromechanics
for proper selection of the models of loads and validation
of model results by flight test data. The model selected
in this research reflects the PZL SW-4 helicopter configu-
ration (Fig. 1). It is a single rotor helicopter powered by
one turboshaft engine with a fully articulated main rotor
and a see-saw tail rotor. The main rotor is a three-bladed,
articulated rotor with flap, lag and pitch hinges sequence.
The main rotor rotates clockwise (looking from above), and
the tail rotor rotates clockwise looking from the left side
(the lower blade is advancing). The simulation model con-
sists of a fuselage, a main rotor, a tail rotor, an empennage
(central vertical stabilizer, two small vertical stabilizers and
two symmetrical horizontal stabilizers), an engine and an
undercarriage. All parts of a helicopter are modeled as rigid.
Loads of the main and tail rotors are computed using blade
element theory. The aerodynamic loads are calculated using
the model of quasi-steady aerodynamic flow with stall delay,
and Peters-He 6 state model of induced velocity for the main
rotor and one state for the tail rotor. The aerodynamic loads
on the fuselage and on the empennage are calculated using
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look-up tables of empirical airfoils data; interaction of main
rotor-fuselage is also taken into account. The engine power
is calculated using a FLIGHTLAB model of a turboshaft
engine.

The model of the helicopter control system contains
hydraulic boosters in the control line between the pilot stick
and the swashplate. Besides the manual control system,
the helicopter model contains automatic control with four
electromechanical actuators. The controls of the main and tail
rotors are modelled as ideal ones, i.e., the adequate actua-
tor forces are always generated to produce the swashplates
motions for the required changes of rotor blades pitch angles.

The simulation model includes 35 states:

« Helicopter fuselage (12 states) — helicopter position (3),
velocities (3), roll, pitch and yaw angles (3), roll, pitch
and yaw rates (3),

« Main rotor (18) — induced velocity (6) — uniform, Oth
harmonic, 1st harmonic (cos), 1st harmonic (sine), 2nd
harmonic (cos), 2nd harmonic (sine), each blade flap (3)
and lag (3) angles, and each blade flap (3) and lag (3)
rates,

o Tail rotor (3) — mean induced velocity (1), teetering
angle (1), teetering rate (1),

o Propulsion (2) — shaft angle (1), shaft rate (1).

The helicopter model in FLIGHTLAB software environment
consists of several hierarchical, integrated elements described
here for completeness:

« Environment
The atmosphere is modeled using a function which is based
on the Air Research and Development Command Model
Atmosphere. This model is based on hydrostatic equation and
ideal gas law. The output of the model is: ambient temper-
ature, pressure, air density and speed of sound at the flight
level.

« Main rotor

The main rotor is articulated. The blades are mounted to the
hub by three hinges: flap, lag and pitch, in order from the axis
of the shaft. The blades are described by: the shape (chord,
radius, position of the pitch axis), geometric twist assumed
to be linear along the blade, mass distribution, position of the
centers of mass of the blade elements relative to the pitch axis,
and distribution of mass inertia moments.

The airloads are modeled as nonlinear unsteady. The air-
foil aerodynamic data tables consisting of coefficients of
lift, drag and pitch moment are used, which depend on the
angle of attack and local Mach number. Two-dimensional
aerodynamic blade element method is used, that produces
airloads as nonlinear functions of dynamic pressure, angle of
attack and Mach number. Dynamic stall effects are included
in the dynamic model — dynamic stall equations are described
in terms of circulation related quantities which provide the
airfoil dynamic stall loads.

The induced velocity is modeled as Peters-He six state
inflow. The distribution of induced inflow at the rotor plane
is described in terms of a set of harmonic and radial shape
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functions as modal inflow states. For a current helicopter
motion, induced velocity, local flow velocity components,
angle of attack and Mach number are computed for each blade
element.

o Tail rotor

The tail rotor is a teetering type. The inertia and aerodynamic
loads are calculated using blade element method. The airloads
are modeled as nonlinear unsteady in the same manner as
at the main rotor. Induced velocity is modeled as Peters-He
finite state.

o Fuselage

The fuselage is modeled as a 6 DOF rigid body. Its mass
properties cover total mass, position of the center of mass and
full inertia matrix. The fuselage airloads are modeled using
empirical data for aerodynamic loads on a three dimensional
body, which are functions of the angle of attack and angle of
sideslip. The wind and the inflow velocity of the main rotor
are taken into account in calculating angles of attack and slip.
The data tables consisting of lift, side force, drag, roll, pitch
and yaw moment coefficients are used. Two types of data
tables can be distinguished here — for low and high angles of
attack and sideslip. An aerodynamic side force, roll and yaw
pitch moment coefficients are computed using interpolation
of the function of the sideslip angle and angle of attack.

« Empennage

The central vertical stabilizer, two small vertical stabilizers
and two symmetrical horizontal stabilizers are modeled. The
empennage airloads are modeled as nonlinear functions of
dynamic pressure, angle of attack and Mach number. Data
tables consisting of aerodynamic coefficients are used.

o Undercarriage — skids

The landing gear system model consists of left and right
skids and a tail skid. All landing gear is modeled using a
full nonlinear spring/damper formulation. The landing gear
model also considers ground friction.

o Propulsion

The helicopter model includes the propulsion system i.e.
turboshaft engine and its dynamics. The propulsion system
model consists of a set of components modeling the engine
and transmission. The main propulsion subsystems cover
inlet, compressor, combustor, gas turbine, power turbine,
exhaust, shaft, clutch and gearbox within a FLIGHTLAB
modeling block.

« Flight control system (hardware)

There are four control variables: main rotor collective and
two cyclic (longitudinal and lateral) pitch angles and tail rotor
collective pitch angle.

The helicopter dynamic simulation model was tuned and
validated using flight test data received from the manufacturer
covering both steady flight and dynamic response cases.

Referring to mathematical description, the helicopter
model may be defined in a general form as:

x=f(x,u,1) ey
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The states x and control variables u were defined above.
The right hand side of the equation are the complex expres-
sions combining both analytical calculations as well as table
look-up procedures. They are composed automatically by the
software.

Ill. SENSOR DATA AVAILABILITY

Due to prospective application of the control algorithm in
flight control system software, data available from sensors
were analyzed. Two sets of data were considered — data
collected on helicopter board and data which may be provided
to the aircraft from outside.

Helicopter on-board systems may contain an INS/GPS
integrated sensor providing measurements of all three com-
ponents of helicopter position, linear velocity, linear acceler-
ation, attitude and angular velocity. A similar data set may
be measured for a ship deck using the same type of sensors,
and transferred via a data link to the helicopter. The weather
station on-board the vessel may measure wind direction and
velocity. The Air Data Computer provides the airspeed, slip
angle and angle of attack of the helicopter. The precise height
above the landing deck, useful in the final landing phase, may
be measured using a radioaltimeter on the helicopter.

There may also be other more sophisticated sensor sys-
tems and data fusion algorithms for obtaining the data
needed for helicopter control, like for instance visual nav-
igation methods, lidar or external helicopter radiolocation
systems [24], [25]. The future systems are intended to support
fully autonomous operations and all necessary data would be
gathered and processed onboard a helicopter.

Sensor availability analysis proved that the input data
required for the control method developed in this study are
available even with a simple, commonly used helicopter
on-board navigation system.

IV. HELICOPTER APPROACH AND LANDING STARTEGY
Helicopter landing on a vessel deck may be performed
according to a recommended procedure. Six most common
Dutch/British navy helicopter-vessel operating procedures
(approach, take-off and landing) are described in [26].

In this research the landing operation is decomposed into
three phases: approach to a moving landing deck, hovering
relative to the deck and final landing with touchdown.

During the approach phase, the helicopter moves towards
the position of hovering over the landing deck. The trajectory
of the helicopter in this phase is prescribed by way points,
and may describe any approach procedure required by regu-
lations. A helicopter, controlled by LQR, passes through the
prescribed waypoints with assumed error thresholds (this can
be done with time points restrictions as well [27]). The start
of the approach phase is also the beginning of collecting data
of the vessel motion for a prediction algorithm (based on the
autoregressive method) of the vessel motion. The approach
phase is completed when the helicopter reaches the hovering
position relative to the landing deck. During the next phase of
operation, the helicopter hovers at a prescribed (safe) height
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over the landing deck. The prediction algorithm continues
predicting the future deck position with a specified lead time.
It is checked whether at the predicted touchdown moment
the predicted pitch and roll angles of the vessel deck and
relative vertical touchdown velocity (which is the sum of the
helicopter and deck velocities) will not exceed the maximal
allowable values.

The decision of starting the final landing phase is under-
taken when the prediction system confirms that vertical
touchdown velocity and pitch and roll angles of the vessel
will not exceed the safe values. The final landing phase is
performed automatically by the LQR controller.

A. AUTOMATIC FLIGHT CONTROL
Information flow of the control system is shown in Fig. 2.
Itis assumed that all phases of helicopter flight are performed
automatically.

For flight control the Linear Quadratic Regulator (LQR)
was selected and implemented.

The crucial elements of the LQR method are:

« linear continuous state-space system written as:
X =Ax + Bu 2)

where A is a state matrix and B is a control matrix,
o cost function:

J = /000 (xTQx + uTRu) dt 3)

where Q is a symmetrical, positively semi-defined state
weight matrix and R is a symmetrical, positively defined
control weight matrix,

« control feedback:

u=—K*(x—xg) 4)
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where x is a vector of state variables, x; is a vector of the
desired values of state variables, u is a control vector, K is
the feedback gain,

« feedback gain:
K=R'BTP (5)

where P is the matrix solution of the Riccati’s equation,
« Riccati’s equation:

ATP+PA—PBR'BTP+0=0 (6)

Final procedure of the LQR operation is as follows:

« State space matrices A and B and weight matrices Q
and R are followed to procedure which solve Riccati’s
equation.

« Using calculated P, gain matrix K is computed.

« Finally, using K matrix and the difference between cur-
rent and desired state variables, the values of control
inputs which are used in the process of automatic control
of the helicopter are computed.

The linear helicopter model needed for the LQR methodol-
ogy was developed by global linearization of a full nonlin-
ear model for helicopter hover conditions. This was done
numerically within a FLIGHTLAB software resulting the
state matrix for 35 state variables and the control matrix for
35 state variables and 4 control variables. Some of the states
in the helicopter model are not related to the fuselage dynamic
directly (for instance inflow states in aerodynamic loads
model), so the sensitivity analysis was done to assess the
influence of each state on the control efficiency. As a result,
the linear helicopter model containing 21 state variables and
4 control variables was used for LQR.

Therefore, state matrix A for LQR has dimensions (21 x21)
and contains the following state variables:

« Fuselage (12) — helicopter position in the inertial coordi-
nate system (3), body coordinate system velocities (3),
roll, pitch and yaw angles (3), roll, pitch and yaw
rates (3),

o Main rotor (9) — induced velocity (3) — 0™ harmonic,
15' harmonic (cos), 1% harmonic (sine), each blade
flap (3), each blade lag (3).

All four control variables are used, so the control matrix B
has dimensions (21 x 4). The reduction of matrices dimen-
sions was implemented to diminish computation time, as the
method is planned to be implemented at least in a flight
simulator operating in real time.

Here, it is assumed that online available state variables data
from the sensors are:

« helicopter position in the inertial coordinate system (3),
« helicopter roll, pitch and yaw angles (3),
« helicopter velocities in the body coordinate system (3),
« helicopter roll, pitch and yaw rates (3).
The rest of the states (main rotor induced velocity compo-
nents, each blade flapping angles, each blade lag angles) are
included in the linear model as uncontrolled variables, but
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they affect generating the LQR gain matrix K. As these states
are not measurable or controllable, the elements of the weight
matrix Q related to these states are set to zero.

As a result, the state weight matrix Q is diagonal and has
dimensions (21 x 21) where elements are designated to:

o Q(1,1), Q(2,2), Q(3,3) the position of the helicopter in
the inertial coordinate system,

e Q44), Q(5,5), Q(6,6) body coordinate
velocities,

o Q(7,7), Q(8,8), Q(9,9) roll, pitch and yaw angles,

o Q(10,10), Q(11,11), Q(12,12) roll, pitch and yaw rates,

o Q(13,13), Q(14,14), Q(15,15) the 0™ harmonic, 1% har-
monic (cos) and 1% harmonic (sine) element of the
induced velocity,

o Q(16,16),Q(17,17), Q(18,18) each blade flapping angle,

o Q(19,19), Q(20,20), Q(21,21) reflect the regulation of
each blade lag.

system

The control weight matrix R has dimensions (4 x 4) and
diagonal character where the matrix elements are assigned
to:

« R(1,1) main rotor lateral cyclic,

« R(2,2) main rotor longitudinal cyclic,
o R(3,3) main rotor collective,

e R(4,4) tail rotor collective.

Effective operation of the LQR depends on the selection of
weight matrices. These matrices were calculated here using
the iterative expert method. Each of the elements of the Q and
R matrices was iteratively adjusted until helicopter responses
to control were adequate for the tasks and constraints reflect-
ing the mission.

B. PREDICTION OF VESSEL MOTION

The vessel position and attitude are predicted using the
autoregressive method for the time series of past positions
and attitudes of the ship. The algorithm collects N samples
of components of vessel motion and predicts the motion for
the assumed number L of time moments in future. The algo-
rithm works online in a recursive loop: after first collection
of the full data set and first complete prediction, it repeats
prediction for each new data point entering the system. The
discrete autoregressive method with parameters calculated
using Burg’s method [28] was used, which is described by
the equation:

N-1
ANHL = — ZH AiXN +L—i N

where:

o N is the number of the measured samples from the past,

o L is the current number of the predicted sample,

« a; are the model (autoregressive) parameters calculated
using Burg’s method,

e xy41—; are samples which are used as input to the
autoregressive model from the last N samples; the model
is recursive — in the first step of the algorithm opera-
tion, only measured data are used (the first N samples),
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in each next step also the predicted samples from previ-

ous steps are included in the input of the algorithm (the

last N samples).
In Burg’s method, model (autoregressive) parameters a; for
a selected autoregressive order k = N — 1 are determined
by minimizing the total sum of the square of the difference
between the original and forward linear prediction values
and the square of the difference between the original and
backward linear prediction values. The recursive formula for
the determining of the parameters a; is described by the
equation:

d; = aj + pagyi—i (®)
where reflection coefficient p is described by the equation:

—2 YNV (n+ k + Dby (n)

n= )
Sk e 0 + 50 b (1)
where:
Sy =Y as (10)
) =Y ami ()

A complete description of the methodology is presented
in [28].

V. MODELING OF VESSEL MOTION

A realistic simulation of vessel motion is important for eval-
uating both efficiency of the method for prediction of vessels
motion and efficiency of the control algorithm in varying
environment. The vessel model development was strongly
focused on the analysis of selected vessel (frigate) dynamics
in waves to obtain response amplitudes of positions and
attitudes of the vessel deck.

The vessel motion is modeled using harmonics describing
its position and attitude in time.

Calculations were based on Response Amplitude Opera-
tors (RAO), which describe response of the vessel to regular
wave excitation:

Us (w)

RAO (w) = (12)
where:
o Uj(w) is the amplitude of vessel response (response here
is position or attitude) to regular wave of w frequency,
o &4 is the regular wave amplitude.
The numerical model of the vessel was implemented to the
FLIGHTLAB software.

VI. SYSTEM SIMULATION RESULTS
Simulations described in this chapter were performed to vali-
date operation of the algorithms developed and to prove appli-
cability of the methodology and the models for the simulator.
This approach is widely used in flight dynamics task in order
to limit flight campaign costs [29].

Before the control system tests were performed,
the dynamic model of the controlled helicopter was validated
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TABLE 1. Test cases - prediction algorithm.

Test no Vessel forward Sea state Wave heading
' velocity [feet/s] [deg]
1 3
2 33.75 5 180

against flight test data and the helicopter responses for control
inputs were computed to evaluate requirements for the control
algorithm.

The tests presented here focused on validation of:

« prediction of vessel deck motion,

o operation of the integrated control system (heli-
copter/sensor/automatic control/prediction of vessel
deck motion) for selected missions.

The results are described in the following chapters.

A. PREDICTION OF VESSEL MOTION

The prediction algorithm is used to calculate the future vessel
deck movement for control purposes. Tests of the prediction
algorithm were performed using the model of vessel motion
presented above to validate prediction of the future vessel
position and attitude.

The data of the vessel deck center point position and atti-
tude were collected for 120 seconds in 1 second intervals. The
algorithm predicted the vessel position and attitude for the
subsequent 20 seconds.

The simulation tests presented here cover the following
cases (Table 1):

« vessel constant forward velocity of 20 knots,
« wave heading 180° (head waves).
« two sea states (in Douglas sea scale):

o sea state 3 (average wave height 2.87 feet, peak
period 6.3 s),

o sea state 5 (average wave height 10.66 feet, peak
period 8.4 s).

The results of simulations are presented in Fig. 3 and Fig. 4.
The quality of prediction of the vessel deck position and atti-
tude up to 10 seconds is very good, as differences between the
actual and predicted positions are less than 0.5 feet (0.15 m),
and the difference between the actual and predicted attitude
angle is always less than 0.1 deg.

It seems that the results of prediction of landing deck
motion may be used as reliable information for taking
the decision to begin the final landing maneuver within
10 seconds.

B. CONTROL SYSTEM OPERATION

In this chapter results of the simulations are presented to
illustrate the efficiency of the developed control methodol-
ogy. It should be noted that simulations reflect total system
operation, i.e., the helicopter and the control system dynamics
and the automatic control algorithm which uses the algorithm
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FIGURE 3. Vessel motion prediction - test 1 — sea state 3.
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FIGURE 4. Vessel motion prediction - test 2 - sea state 5.
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FIGURE 5. Approach steps (horizontal position) related to vessel position

in the inertial coordinate system [feet].

predicting the vessel motion. The availability of a set of

realistic input data is justified.

The frequently performed procedure (fore/aft proce-

dure [24]) was selected for simulations in this test (Fig. 5).
The helicopter flight is decomposed into subsequent phases:
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TABLE 2. Test cases - integrated system.

Vessel’s .
No / Figure forward Sea WaYe Wind speed er.ld
. heading heading
velocity state [deg] [feet/s] [deg]
[feet/s] g &
1 /Fig. 6 — Fig. 8 21.98 + gusts
¢ ¢ 33.75 180 £ 180

2/Fig. 9 - Fig. 11

40.35 + gusts

X [feet]

Vx [feet/s]

3000 60
2000 T 40
1000 20
0 i " I 0 i i i
0 20 40 60 80 0 20 40 60 80
Y [feet] Vy [feet/s]
150 15
100 10
50 5
0 0n i
0 20 40 60 80 0 20 40 60 80
Z [feet] Vz [feet/s]
‘ g
-20 S
-40
-60 2
0 20 40 60 80 0 20 40 60 80
PHI [deg] P [deg/s]
10
10
5
0 V e ———— H ' | 0 ’\’__————-——J‘M\m
-5 -10
0 20 40 60 80 0 20 40 60 80
THETA [deg] Q [degls]
5 5
0 0
-5 5
0 20 40 60 80 0 20 40 60 80
PSI [deg] R [deg/s]
2 r T r 2 : T T
1
O\H.M/VI\\/. O’F‘A*—-———#m prmiigd
-1 -2
0 20 40 60 80 0 20 40 60 80
Main rotor - swashplate - pitch [deg] Main rotor - swashplate - collective [deg]
0 10
A 8
2 ' L

0 20 40 60 80 0 20 40 60 80
2 Main rotor - swashplate - roll [deg] Tail rotor - swashplate - collective [deg]
0 10
2 5

0 20 40 60 80 0 20 40 60 80

Time (seconds)

Time (seconds)

FIGURE 6. Case 1 - approach to the vessel.

« starting from a selected point on the left or right side
behind the vessel, forward flight with assumed safe for-

ward velocity at a constant altitude,

o sideward flight with assumed safe side velocity at a
constant altitude to take a position over the center point
of the vessel landing area,

« hovering relative to the vessel, waiting for the moment
when, according to the vessel motion predictions,
the touchdown may be performed safely, i.e., the deck
will not hit the helicopter during its descent and the
deck attitude angles will not exceed the allowable values

during the touchdown,

« final landing and deck touchdown.

The simulations results presented here were done for

(see Table 2):
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Helicopter vs Vessel position
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FIGURE 7. Case 1 - approach to the vessel - horizontal position.

« one vessel forward velocity — 20 knots (33.75 feet/s),
which is a mean velocity for the selected type of ves-
sel frigate) during helicopter landing operations,

o one vessel azimuth — 0°,

« two sea states (in Douglas sea scale):

o sea state 3 (average wave height 2.87 feet, peak
period 6.3 s),

o sea state 5 (average wave height 10.66 feet, peak
period 8.4 s),

« one wave heading — 180° (head waves — incoming to the
bow),

« two constant wind speeds (in Beaufort scale related to
sea state) were included: 21.98 feet/s for sea state 3
and 40.35 feet/s for sea state 5. The system may include
wind gusts and turbulence, which were modeled here as
sinusoidal variations of the wind speed. In test cases,
gusts were applied always when constant wind speed
was applied. Gusts were acting in two directions with
an amplitude of 20% of the applied constant wind
speed vc:

« head (rear) wind gusts with speed vx described in time ¢
(s) by equation:

vx = 0.2 % ve * sin (1) (13)

« side wind gusts with speed vy described in time 7 (s) by

equation:
vy = 0.2 % vc * sin (t) (14)
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FIGURE 8. Case 1 - landing on the vessel deck.

« one wind heading — 180° (head wind — incoming to the
bow).

Each of the tests was divided into two parts:

« approach,
« final landing.

Each of the maneuvers started from a position at 500 feet from
the center of the vessel landing area (to stern) and 150 feet
from the center point of the landing area (to port).

The simulation results are plotted in Fig. 6 — Fig. 11, where
the helicopter responses are marked black and the responses
of the vessel — red. Three groups of figures are presented —
helicopter responses during the approach to the vessel, heli-
copter horizontal position changes during the approach to the
vessel and responses of the helicopter while landing on the
vessel deck.

Responses of the helicopter cover position (X, Y, Z in
the inertial coordinate system), attitude (PHI, THETA, PSI
in the gravitational coordinate system), linear velocities
(Vx, Vy, Vz in the body coordinate system), angular veloc-
ities (P, Q, R in the body coordinate system) and values of
control variables.

Simulations of the landing phase are terminated 10 seconds
from the command to start the landing maneuver, to present
the differences in the state variables of the helicopter and
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FIGURE 9. Case 2 - approach to the vessel.

the vessel at the time period of the vessel deck motion
prediction.

o Case 1 (Fig. 6 — Fig. 8)

The case reflects an approach and landing on the moving
vessel (sea state 3, head waves), with wind (21.98 feet/s,
head wind with gusts). It illustrates the efficiency of the
control system when the helicopter is following the vessel,
with disturbances from the environment acting on the vessel
(velocity and attitude due to the waving changing in time) and
on the helicopter (wind and gusts disturbing the helicopter
motion).

Results of the approach are presented in Fig. 6 and Fig. 7.

In the approach phase, the attitude of the helicopter was
varying in time due to the wind gusts. The control input values
also varied in time to stabilize the attitude of the helicopter.

The result of the control is positive because it led the
helicopter to achieve and keep the desired position over
the landing deck following the (varying in time) velocity
of the vessel and successfully compensating for the influence
of the head wind and gusts.

Results of the landing maneuver are presented in Fig. 8.
The landing was successful — the touchdown was made in ten
seconds, deviations in the desired and actual landing position
were less than 1.5 feet, attitude angles during the touchdown
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FIGURE 10. Case 2 - approach to the vessel - horizontal position.
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FIGURE 11. Case 2 - landing on the vessel deck.

were small except the roll angle which remained at the level
of 8 degrees.
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« Case 2 (Fig. 9 — Fig. 11)

The case reflects an approach and landing on the moving
vessel (sea state 5, head waves), with wind (40.35 feet/s, head
wind with gusts).

Results of the approach are presented in Fig. 9
and Fig. 10.

In the approach phase, due to the strong head wind,
responses of the helicopter to the wind gusts were similar to
wind disturbances — their sinusoidal character can be clearly
seen.

The control efficiency is good because it led the helicopter
to achieve and keep the desired position over the landing deck
following the (varying in time) velocity of the vessel and
successfully compensating for the influence of the head wind
and gusts.

Results of the landing maneuver are presented in Fig. 11.
Successful landing was performed — the touchdown was made
in ten seconds, deviations from the desired landing position
were less than 2 feet, attitude angles during the touchdown
were small except the roll angle which remained at the level
of 8 degrees.

VIl. CONCLUSIONS

As preparation for implementation in simulator and prospec-
tive hardware tests, the paper presents development and test-
ing of the helicopter automatic control system dedicated to
landing on confined and moving surfaces. The validated by
flight test data comprehensive model of helicopter and con-
trol system dynamics was developed in the FLIGHTLAB
environment and used for implementing the novel control
algorithm based on LQR control with predicting motion of
the landing area.

The simulated helicopter flight was composed of three
phases: approach to the landing deck, hovering above it,
and final landing with touchdown. In all phases the control
was done by the LQR method, adjusted to helicopter type.
For safe final landing, the autoregressive method for pre-
diction of future vessel motion was applied. Implementation
of the method for the automatic control of the helicopter
was described. Landing on a moving vessel deck was the
leading example illustrating the efficiency of the method-
ology. Extensive simulations in various environmental con-
ditions confirmed the efficiency of the developed control
methodology.

The general conclusion of the study is that the efficient
LQR methodology may be based on simplified system model
with carefully selected states and controls.

The continuation of this study will have several stages.
First the controlled model will be implemented in a simulator
to be assessed by pilots. This will allow to tune the control
algorithm to be acceptable also for a human operator on-
board. Meantime the models of the control inputs data dis-
turbances will be investigated to define needs for prospective
filtering of the sensor data.
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The efficiency of the prediction algorithm of a vessel
motion will be more carefully investigated for real deck
motions data and prospective prediction improvements.
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